Present work explores the relationship between the composition, dissolution rate, ion release and cytocompatibility of a series of borophosphate glasses. While, the base glass was selected to be 40mol%P 2 O 5 -16mol%CaO-24mol%MgO-20mol%Na 2 O, three B 2 O 3 modified glass compositions were formulated by replacing Na 2 O with 1, 5 and 10 mol% B 2 O 3 . Ion release study was conducted using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The thermal scans of the glasses as determined by differential scanning calorimetry (DSC) revealed an increment in the thermal properties with increasing B 2 O 3 content in the glasses. On the other hand, the dissolution rate of the glasses decreased with increasing B 2 O 3 content. To identify the effect of boron ion release on the cytocompatibility properties of the glasses, MG63 cells were cultured on the surface of the glass discs. The in vitro cell culture study suggested that glasses with 5 mol% B 2 O 3 (P40B5) showed better cell proliferation and metabolic activity as compares to the glasses with 10 mol% (P40B10) or with no B 2 O 3 (P40B0). The confocal laser scanning microscopy (CLSM) images of live/dead stained MG63 cells attached to the surface of the glasses also revealed that the number of dead cells attached to P40B5 glasses were significantly lower than both P40B0 and P40B10 glasses.
Introduction
Degradable implants are attracting huge interest these days for different biomedical applications particularly for treating large bone defect as temporary implant materials. This increasing demand is mainly due to the fact that bone defects above a critical size cannot be repaired by the self-healing of bone tissue [1, 2] . Therefore, degradable osteoconductive device or scaffold is required to support the regeneration of new tissue. Phosphate based glasses (PBGs) are one of the most promising candidates in this respect as these glasses can completely dissolve in aqueous medium and the dissolution rate can be altered via altering the glass composition [3] [4] [5] [6] . Moreover, these PBGs can be doped with different modifier oxide in order to achieve a controlled dissolution rate and associated ion release [7] [8] [9] . Several researchers have reported the effect of different modifier oxide addition on the structural, dissolution, thermal, ion release and cytocompatibility properties of PBGs [10] [11] [12] [13] [14] .
The degradation process of PBGs takes place by ionic exchange of soluble ions which is strongly depended on the glass composition [15] . It has been reported that the cytocompatibility of PBGs are strongly dependent on the dissolution rate and associated ion release. The release of different ions in therapeutic concentrations can help to stimulate the regenerative system to restore body tissue [3] . On the other hand, release of certain ions in excess amount may impose negative impact on human body. As for ex-ample, release of Mg 2+ has been reported to have positive influence on the bone formation and bone growth [5, 16] . Therefore, it is very important to carefully engineer the glass formulation in order achieve the appropriate therapeutic effect.
It has been reported that the addition of different amount of boron oxide to bioactive glasses has significant effect on the glass structure, glass dissolution rate, thermal properties, processing parameters, biocompatibility and cytotoxicity [17] . Addition of B 2 O 3 to PBGs can increase the chain length of the main glass structure by becoming a part of main glass network and as such can make the fibre drawing process easier [18] . However, it was also reported that the addition of higher amount of B 2 O 3 (more than 5 mol%) may impose less positive effect on the cell proliferation and cell metabolic activity [9] . Therefore, it is very important to understand the effect of different amount of boron ion release on positive or negative cellular response.
It is well known that boron is a beneficial bioactive element for wound healing and can stimulate the bone healing process [10] . It has been reported that optimal level of boron is required in human body for calcium metabolism and boron deficiency can have detrimental effect on bone formation and maintenance [19] . Moreover, boron is also needed to prevent excessive bone loss in post-menopausal women and older men [20] .
A good understanding on the interplay between glass structure, degradation kinetics, ion release and cytocompatibility provides flexibility for the development of scaffolds with highly specific cellular response. The effect of B 2 O 3 addition on the structure of PBGs with similar formulation has already been reported in a previous publication [18] . In this current study four different PBGs formulations were designed to investigate the effect of boron ion (B 3+ ) release on the cytocompatibility properties of the glasses. The initial aim of the study was to establish a relationship between the dissolution rate, ion release and cytocompatibility of PBGs with phosphate contents fixed at 40mol% containing B 2 O 3 . The main aim of the present work was to explore how the different composition of different B 2 O 3 containing glasses influence the in vivo cell attachment, metabolic activity and proliferation. The effect of increasing B 2 O 3 addition on the thermal and dissolution properties of the glasses were also evaluated.
Materials and methodology 2.1 Glass preparation
Glass compositions under investigation in this current study were prepared using melt quenching method, where appropriate amount of precursors were weighed, missed properly and melted in a platinum crucible at 1200 ∘ C for 2 hours. Before melting the mixed glass, precursors were pre-heated at 350 ∘ C for half an hour to remove any trace of moisture. The molten glass was then casted in a graphite mould (9mm*100mm) which was preheated at 450 ∘ C and then allowed to cool down approximately at a rate of 0.5 ∘ C/min to room temperature. The P 2 O 5 , CaO and MgO content in all four glasses were fixed to 40, 16 and 24 mol%, respectively. While, 1, 5 and 10 mol% B 2 O 3 was added at the expense of Na 2 O. The glasses containing 0, 1, 5 and 10 mol% B 2 O 3 has been codded as P40B0, P40B1, P40B5 and P40B10 throughout the study, respectively. The precursors that were used for glass preparations are phosphorus pentoxide (P 2 O 5 , Sigma Aldrich, UK, >98%), sodium dihydrogen phosphate (NaH 2 PO 4 , Sigma Aldrich, UK, ≥ 99%), calcium hydrogen phosphate (CaHPO 4 , Sigma Aldrich, UK, 98-105%), magnesium hydrogen phosphate trihydrate (MgHPO 4 ·3H 2 O, Sigma Aldrich, UK, ≥ 98%) and boron oxide (B 2 O 3 , Sigma Aldrich, UK, ≥ 99%).
Powder X-ray diffraction analysis
The powder X-ray diffraction analysis was conducted on all glass samples before dissolution study to confirm the amorphous nature of the glasses. A Bruker D500 X-ray diffractometer with Ni-filtered CuKα-radiation (λ=0.15418 nm), operated at 40 kV and 40 mA was used for the analysis. The experiment was conducted at room temperature. The angular range 2θ for each scan was from 15 ∘ to 100 ∘ with a step size of 0.02 ∘ and a step time of 0.5 s.
Thermal analysis
The thermal analysis of the glasses was conducted using a differential scanning calorimeter (TA Instruments SDT Q600, UK). The glasses were grounded to fine powder and was heated from room temperature to 520 ∘ C under flowing argon gas at a rate of 20 ∘ C min −1 to determine the glass transition temperature (Tg). Once the Tg was determined then the glass samples was heated from room temperature to a temperature which is Tg + 20 ∘ C, held there isothermally for 15 min, cool down to room temperature and then heated again to 1100 ∘ C. The whole experiment was conducted under flowing argon gas and the heating and cooling rate used was 20 ∘ C min −1 and 10 ∘ C min −1 , respectively. This repeated heating cycle was used to introduce a known thermal history for all the glasses under investigation. The glass transition (Tg), onset of crystallisation (Tx), peak crystallisation (Tc), melting (Tm) and liquidus temperatures (T l ) was determined from the second ramping cycle.
Dissolution studies
The dissolution study was conducted on glass discs with a 9mm diameter and 5 mm thickness. Three glass discs from each formulation was immersed in glass vials containing 30ml of phosphate buffer solution (PBS). Then the glass vials were placed in an incubator at 37 ∘ C. At designated time point the glass discs were taken out from the vials, dried and the area and the mass of the discs were measured. The study was conducted for 60 day and at each time point fresh PBS solution was added to the discs. The rate of mass loss (%) was calculated according to the following equation:
Where Mo is the initial mass (g) and M t is the mass at time t. The mass loss per area data were plotted as weight loss per unit area against time. The slope of this graph gave the dissolution rate in terms of kg m −2 s −1 .
Compositional analysis and ion release studies
The compositional and ion release analyses of the glass samples were conducted using inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer Optima 7300, MA, USA). Standard solution containing B, P, Na + , Ca 2+ , Fe 3+ and Mg 2+ was prepared before each cycle of measurement to obtain calibration curves. The concentrations of the calibration solution was maintained at 1, 10 and 100 ppm in 2% HNO 3 in DI water. Standard sample concentrations were measured periodically to ensure accuracy of the calibration curves. Each analysis was repeated for three times. The ICP-AES instrument was calibrated using NIST traceable aqueous standards. The sample solutions were analysed against their calibration curves. For compositional analysis each glass formulation was ground in to powder using a rotating ball mill and 0.1g of powder from each formulation was digested in 5ml 70% HCl until a clear solution was obtained. The solution was then diluted 100 times using 2% HNO 3 in DI water prior to ICP-AES analysis. For ion release studies the 9 mm glass rods were cut in to 5 mm thick glass discs. The glass discs were then immersed in 30 ml ultra-pure (Milili-Q) water kept in glass vials. The temperature of the glass vials containing the glass discs were maintained at 37 ∘ C. At day 1, 7, 14 and 21, 0.1mL of supernatant liquor from glass formulation was diluted with 9.9ml 3% nitric acid and analysed to determine sodium, boron, calcium and magnesium ion release from the glass samples.
Cell culture
The cell culture study was conducted in a similar way as mentioned in a previous publication [9] . Briefly, the metabolic activity and proliferation of the MG63 cells cultured on the glass samples were assessed using alamar blue assay and DNA (Hoechst 33258) assay, respectively. The MG63 cells (human osteosarcoma) was collected from the European Collection of Cell Cultures (ECACC). The cells were cultured in complete Dulbecco's Modified Eagle Medium (CDMEM) consisting of DMEM supplemented with 10% foetal calf serum (FCS), 2% HEPES buffer, 2% penicillin/streptomycin, 1% glutamine, 1% nonessential amino acids (Gibco Invitrogen, UK), and 0.85 mM of ascorbic acid (Sigma Aldrich, UK) in 75 cm 3 flasks at 37 ∘ C in a humidified atmosphere with 5% CO 2 . The seeding concentration of the MG63 cells cultured on the glass samples were 60,000 cells/cm 2 . The glass discs were thoroughly sterilised and washed with PBS solution prior to cell culture studies. The cell culture study was conducted for 7 days. In order to observe the morphology of the cells cultured on the glass samples were taken out from the cell culture flasks, carefully washed with warm PBS (37 ∘ C). Then the cells were fixed with 3% glutaraldehyde in 0.1M Nacacodylate buffer for 30 minutes, 7% sucrose solution for 30 minutes and 1% osmium tetroxide in PBS for 45 minutes. Afterwards the samples were dehydrated using 20, 30, 40, 50, 60, 70, 80, 90, 96 and 100% ethanol flowed by drying using hexamethyldisilazine (HMDS). Finally, the dried samples were sputter coated in platinum and the morphology of the cells cultured on glass samples were observed using a Philips XL30 scanning electron microscope operated at 20 kV. 
Cell viability and live/dead staining
The number of live and dead cells present on the glass samples was quantified using a BioVision's Live/Dead Cell Viability Assay Kit. This kit provides a two-color fluorescence method that is based on the simultaneous determination of live and dead cells using two different dyes. In order to determine the number of live or dead cells present 2 µl of Live Cell staining dye was mixed with 1 µl of dead cell staining dye in 1 ml of assay buffer. 0.5 ml of the dye solution was added in per well in 24 well dish followed by incubation at 37 ∘ C for 15 min. Live cell dye used in this kit can easily penetrates intact, live cells and intracellular esterase hydrolyzes the dye to produce a hydrophilic, strongly fluorescent compound that is retained in the cell cytoplasm which can be measured at Ex/Em = 485/530 nm. On the other hand, the dead cell dye can only enter damaged cell membranes and undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acid, thereby producing a bright red fluorescence (Ex/Em = 495/635 nm). The assessment of cell viability in three dimensions was performed using confocal laser scanning microscopy (CLSM, Bio-Rad, USA).
Statistical analyses
Average values and standard deviation were computed, and statistical analysis was performed using the Prism software package (version 8.3.0, GraphPad Software, San Diego California USA, www.graphpad.com). Two-way analysis of variance (ANOVA) was calculated with the bonferroni post-test to compare the significance of change in one factor with time. The error bars presented represent standard deviation with n = 3. Figure 1 represents the XRD traces of the P40 glass series investigated. No sharp crystalline peak was observed in the XRD traces of the glasses. Therefore, the presence of only a single broad peak observed between 20 ∘ and 40 ∘ in the XRD curves of the glass samples confirmed the amorphous nature of the glasses. 
Results

Powder X-ray diffraction analysis
Thermal analysis
The effect of B 2 O 3 addition on the thermal properties of the glasses are presented in Figure 2 . The glass transition (Tg), onset of crystallisation (Tx), peak crystallisation (Tc), melting (Tm) and liquidus temperatures (T l ) increased with increasing B 2 
Heat Flow ←Endothermic
Exothermic→ Figure 3 and Figure 4 represents the mass loss in percentage and the degradation rate of the glasses investigated, respectively. As seen from Figure 3 , there was no significant difference (p<0.05) between the mass loss percentage of P40B0 and P40B1 glasses. P40B10 showed the lowest mass loss percentage as compared to all four glass formulations investigates. The mass loss percentage of P40B5 glasses were higher than P40B10 glasses, however still significantly lower than both P40B0 and P40B1 glasses. After 60 days of immersion in PBS the mass loss percentage of P40B0, P40B1, P40B5 and P40B10 was~2.9%,~2.9%, 1.75% and~1.25%, respectively. The dissolution rate of the glasses were calculated considering the change in dimension of the glass discs along with mass loss with time which followed the same trend as the mass loss percentage. No statistical significant difference was observed between the degradation rate of P40B0 and P40B1 glasses. After 60 days of immersion, the dissolution rate for the P40B0 glasses was 2.04 × 10 −8 , whilst the P40B5 and P40B10 glasses showed a dissolution rate of 8.84 × 10 −9 and 8.64 × 10 −9 kg m −2 s −1 , respectively. 
Glass solubility
Ion release studies
The composition of the glasses as determined by ICP-AES is presented in Table 2 . Figure 5 (a-d) shows the sodium (Na + ), calcium (Ca 2+ ), magnesium (Mg 2+ ) and boron (B 3+ ) ion release profiles of the glasses investigated as a function of time. As seen from Figure 5(a) , at all time points P40B0 glass formulation showed the highest Na + release. At day 21,~21ppm Na + release was observed for P40B0 glass formulation. P40B5 and P40B10 glass formulation showed similar ion release profile up to day 14. At day 21,~23 ppm and~18 ppm Na + release was observed from P40B5 and P40B10 glass formulation, respectively. Figure 5( 
Cytocompatibility studies
The cell culture study was conducted for 7 days and time points used were day 1, 3, 5 and 7. The metabolic activity of the MG63 cells cultured on the glass samples and TCP (Tissue Culture Plastic) internal control are presented in Figure 6 . At day 1, there was no significant difference (p>0.05) between the metabolic activity of the cells cultured on the glass samples and the TCP. From Day 3, TCP showed elevated metabolic activity as compared to the glass samples. At day 5, there was no significant difference (p>0.05) between the metabolic activity of the cells cultured on P40B0 and P40B10 glasses. However, the cells cultured on P40B5 glasses showed higher metabolic activity as compared to both P40B0 and P40B10 glasses as day 5. At day 7, the lowest metabolic activity was observed for the cell cultured on P40B10 glasses, whereas, the cells cultured on P40B5 glasses showed the highest metabolic activity. Figure 7 represents the cell proliferation of MG63 osteosarcoma, as measured by the DNA concentration over 7days of cell culture. As seen from the figure, all three glass samples and TCP showed continuous proliferation over the entire cell culture period. TCP showed the highest cell proliferation as compared with the glass samples as day 5 and day 7 of cell culture. No significant difference in the DNA concentration was observed among the glass samples at day 1 and day 3. However, at day 5 and day 7 the DNA concentrations of the cells cultured on P40B5 glasses were significantly higher than those on P40B0 and P40B10 glasses. In order to further explore the relationship between the effects of amount of borate ion release or the dissolution rate with the cytocompatibility of the glasses a live/dead cell assay was conducted. Figure 9 and 10 shows confocal laser scanning microscopy (CLSM) images of live/dead stained MG63 cells attached to the surface of the tested glass compositions after 1, 5 and 7 days of culture. At day 5 and day 7, cells cultured on P40B0, P40B5 and P40B10 glasses showed almost similar staining pattern consisting of a confluent monolayer of green fluorescent live cells. Very sparse number of red fluorescent dead cells was observed at day 1 on all glass samples. P40B5 glass maintained the same pattern in terms of visible red fluorescent dead cells even at day 5 and day 7. However, there were a noticeably higher number of red fluorescent dead cells observed on P40B5 and P40B10 glasses at day 5 and day 7. Although qualitative in nature, the in vitro live/dead assay provides additional evidence that the P40B5 glasses showed better cellular response as compared to P40B0 and P40B10 glasses.
Cell morphology
Discussion
It is very important to control the rate of degradation and associated ion release of any biomaterials as the uncontrolled degradation and ion release can result in loss of their mechanical integrity and metal contamination in human body, respectively [5] . The amorphous nature of the glass compositions studied was confirmed via XRD before the thermal analysis and dissolution studies. In our current study Na 2 O was replaced with 1, 5 and 10 mol% B 2 O 3 . Figure 4 represents that the dissolution rate of P40B5 and P40B10 glasses werẽ 56% lower than that of P40B0 glasses. Therefore, it was clear that addition of 5 and 10 mol% B 2 O 3 significantly reduced the dissolution rate. The degradation of phosphate based glasses takes place by where hydrogen ions interchange with cations to form P-OH − and subsequent disentanglement of the polymer like glass structure via hydrolysis [21] . The reduction in dissolution rate with B 2 O 3 addition could be due to the formation of more hydration resistant P-O-B bonds. Carta et al. studied the structure of borophosphate glasses and they reported the presence of P-O-B bonds in the glass structure [22] . They also reported that increasing amount of B 2 O 3 in the glasses increased the level of cross-linking between phosphate and borate units. These increased cross linking in phosphate glass structure could also potentially increase the glass durability. Maserra et al. reported that the addition of as small as 1.25 mol% B 2 O 3 to PBGs can significantly decrease the dissolution rate [23] . They also suggested that addition of B 2 O 3 can led to the formation of more hydration resistant P-O-B bonds and thus increase the chemical durability. However, in our study similar level of B 2 O 3 substitution did not show any significant effect on dissolution rate. It could be due to fact that Maserra et al. substituted P 2 O 5 for B 2 O 3 , whereas in our study B 2 O 3 was substituted for Na 2 O and hence showed less pronounced effect on dissolution rate at such level.dura Donald et al. studied the influence of B 2 O 3 addition on the sodium aluminium glasses and suggested that quite small additions of B 2 O 3 can provide considerable benefit in improving the thermal properties and durability of phosphate glasses [24] . They suggested that the improvement in durability could be due to the formation of durable BPO 4 groups. The DSC scans of the glasses suggested that the glass transition (Tg), onset of crystallisation (Tx), peak crystallisation (Tc), melting (Tm) and liquidus temperatures (T l ) increased with increasing B 2 O 3 content in the glass series. However, the dissolution rate of the glasses decreased with increasing B 2 O 3 addition. Similar trends in thermal properties and dissolution rate with increasing B 2 O 3 content was reported in a previous publication where phosphate content was fixed to 45 and 50 mol% [9] . It was suggested that increasing glass transition temperatures and other thermal properties with boron oxide addition at the cost of sodium oxide was due to the higher B-O bond strength as compared to Na-O bond strength [9] . The thermal properties composition containing two glass former oxides depends on the connectivity of the associated glass forming units [25, 26] . This connectivity can be defined in term of the average number of bridging oxygens. In our study, replacing Na 2 O with B 2 O 3 can decrease the number of non-bridging oxygens which can also increase the glass transition temperature. Joseph et al. reported that phosphate based glasses containing Ba showed higher glass transition temperature as compared to glasses containing similar amount of Cs [27] . They suggested that the higher glass transition temperature of Ba containing glasses were due to the better glass network connectivity of the glasses which was introduced due to the grater cationic field strength of Ba as compared to Cs.
It is worth to mention that the glass transition temperature of the glasses with 40 mol% P 2 O 5 studied in our current study are lower than the glasses with 45 and 50 mol% with similar composition. Phosphate glasses with higher phosphate content (50 mol% P 2 O 5 ) are supposed to be more dominant in long chains or rings structures (i.e. Q 2 species) as compared to glasses with lower P 2 O 5 con- tent which is responsible for higher Tg values [4, 28] . Reducing the P 2 O 5 content from 50 to 40 mol% will introduce shorter chain Q 1 species in the glass structure which would account for the lower Tg values for glasses with 40 mol% P 2 O 5 . It has also been suggested that the addition of boron oxide could alter the dimensionality of the phosphate network via the formation of long chain Q 2 species rather than Q 0 or Q 1 units [18, 29, 30] . Therefore, addition of B 2 O 3 to the phosphate based glasses could potentially increase the chain length of the main glass structure which in turn would increase the glass transition temperature and other associated thermal properties of the glasses.
As, there was not a significant difference between 0 and 1 mol% B 2 O 3 containing glasses in terms of thermal and dissolution properties, only 0, 5 and 10 mol% B 2 O 3 containing glasses were considered for ion release and cell culture studies.
As seen from Figure 5 (a), lower Na + release was observed from the glasses containing 5 mol% (P40B5) and 10 mol% B 2 O 3 (P40B10) as compared to the glasses with no B 2 O 3 (P40B0). This behaviour could be attributed to the fact that in P40B5 and P40B10 glasses were prepared by adding 5 and 10 mol% B 2 O 3 to P40B0 glasses at the expense of Na 2 O. Therefore, the replacement of Na2O with B 2 O 3 in P40B5 and P40B10 glasses is reducing the available amount of Na + which is eventually reducing the Na + release from the glasses as compared to P40B0. Moreover, the degradation rate of both P40B5 and P40B10 glasses are much lower than P40B0 glasses which could also contribute to the lower Na + release from these glasses. Abou Neel et al. conducted an ion release study on the phosphate glass fibres containing Fe 2 O 3 and the reported that glasses with higher amount of Fe 2 O 3 showed lower Na + release [7] . They suggested that this reduced Na + release was due to the replacement of Na 2 O with Fe 2 O 3 and thus re-ducing the available Na + in the glass and also due to the increased durability of the glasses with increasing Fe 2 O 3 content. Although, the amount of MgO and CaO was same, the glass compositions under investigation showed different Mg 2+ and Ca 2+ ion release profile particularly after 7 days of degradation.
The P40B0 glasses showed highest Mg 2+ and Ca 2+ release at day 14 and day 21. This confirmed the fact that the ion release profile of the glasses is affected by the degradation rate of the corresponding glasses. Therefore, as discussed above addition of increasing amount of B 2 O 3 to the glasses is increasing the durability of the glasses via increasing the compactness of the glass structure which is eventually reducing the amount of Mg 2+ and Ca 2+ release of P40B5 and P40B10 glasses as compared to P40B0 glasses. Figure 5(d) shows the B 3+ release profile for P40B5 and P40B10 glasses. As seen from figure 3 the mass loss percentage of P40B10 glasses with time were significantly lower than P40B5 glasses. However, the B 3+ release from P40B10 glasses were significantly higher than that for P40B5 glasses. Therefore, similar as Na + release profile of the glasses, higher amount of B 3+ release from P40B10 glasses could be attributed to the presence of higher amount of B 2 O 3 as compared to P40B5 glasses.
An ideal biomaterial should provide the appropriate platforms for cell attachment, proliferation and differentiation to be effectively used for bone tissue engineering [6, 31] . It has been reported by several scientists that the ionic product of degradation alongside with the degradation rate has huge effect on cell proliferation and gene expression-differentiation [8, 9, 32] . The degradation rate is important as a stable surface is required for the cells to attach and proliferate as any material with high degradation rate cannot provide a stable surface for the cell growth [17] . On the other hand, ionic products released during the degradation can change the pH of the cell culture medium resulting an undesired cell response [8] . In our current study, P40B5 glasses showed better cell metabolic activity and proliferation as compared to both P40B0 and P40B10 glasses. Moreover, as seen from Figure 10 , the number of dead cells attached on the surface of P40B5 glasses after 7 days of culture were significantly lower than those of P40B0 and P40B10 glasses. However, no significant difference was observed between the cell metabolic activity and proliferation between P40B0 and P40B10 glasses.
As is evidenced from our degradation studies the degradation rate of P40B10 glasses were significantly lower than P40B0 glasses and there was no statistically significant difference between the dissolution rate of P40B10 and P40B5 glasses. Therefore, the degradation rate of the P40B10 glasses were not responsible for the less positive cellular positive response of the glasses. As seen from Figure 5(d) , the boron ion release from P40B10 glasses after 3 days of degradation was significantly higher than P40B5 glasses. A release of 1.20 ppm of B 3+ was observed from P40B5 glasses, whereas the P40B10 glasses released 4.0 ppm B 3+ at day 7.
Vrouwenvelder et al. studied the incorporation of 5 wt% B 2 O 3 in the 45S5 Bioglass® network and reported that the glass discs showed compact morphology, normal morphology and moderate osteo0blast expression [33] . However, Fu et al. studied the in vitro performance of the borate based bioactive glasses for potential bone repair applications [34] . They reported that the threshold concentration of the borate ion released from the glasses without any negative effect on the proliferation of bone marrow stromal cells were~0.65 mM. Brown et al. also suggested that high B 2 O 3 content in the glasses can inhibit the cell proliferation and this effect could be avoided if the borate ion concentration in the cell culture medium could be kept below a certain threshold level [35] . They reported that this effect could be achieved by using a borosilicate glass composition in which less than 1/3 of the SiO 2 in 45S5 glass was replaced by B 2 O 3 . The extracts from the glasses supported the cell proliferation and function up to this concentration. The release of phosphate ions and borate ions could changes the pH of the solution due to the formation of phosphoric acid and boric acid, respectively [36] . Uo et al. studied the relationship between composition, dissolution rate and cytotoxicity of P 2 O 5 -Cao-Na 2 O glasses [37] . They reported that the glass compositions containing higher P 2 O 5 content show low toxicity and the toxicity increases with increasing phosphate content. They suggested that the pH of the solution changed to acidic as the P 2 O 5 content in the glasses increased from 50 to 60 mol% which was responsible for the higher cytotoxicity. Elena et al. also suggested that high levels of phosphorus and boron can impose a detrimental effect on biocompatibility properties of glasses [38] . Rajkumar et al. also reported similar effect of pH variation on the cell growth of human osteoblast like cell lines [39] . Therefore, the combined release of B 3+ ions and (PO 4 ) 3− ions from the glasses results in an increase in pH which could alter the cell metabolic and ALP activities. In our current study P40B5 glasses better cellular activity in terms of cell metabolic activity, proliferation and the number of dead cell present on the glass surface as compared to P40B10 glasses.
It could be concluded that the complexity of glass formulations can significantly affect the dissolution behaviour, ion release and in turn the in vitro bioactivity. Variations in glass formulations can completely change the dissolution and cytocompatibility properties of the glasses as the rate of different ion release can enhance or inhibit the cell attachment, viability and proliferation. Therefore, boron oxide modified glasses have prospective future as bone tissue engineering scaffolds as long as the glass formulations are carefully engineered.
Summary
Phosphate based glasses in the system of 40mol%P 2 O 5 -16mol%CaO-24mol%MgO-20mol%Na 2 O was selected as base glass for this study. 1, 5 and 10 mol% B 2 O 3 was added to the glass system at the expense of Na 2 O. The glass transition temperature and other thermal properties of the glasses increased with increasing B 2 O 3 content. On the other hand, the glass dissolution rate decreased with increasing B 2 O 3 content. However, there was not a significant difference between 0 and 1 mol% B 2 O 3 containing glasses in terms of thermal and dissolution properties. Therefore, only 0, 5 and 10 mol% B 2 O 3 containing glasses were considered for ion release and cell culture studies. The ion release studies revealed that the P40B10 glasses showed maximum B 3+ ion release. While, P40B0 glasses showed highest Na + release. The 5 mol% B 2 O 3 containing glasses showed better cellular response as compared to glasses with 0 mol% B 2 O 3 and 10 mol% B 2 O 3 containing the glasses. The negative cellular response from P40B0 glasses were due to higher dissolution rate, whilst an excessive amount of boron ion release was responsible for the lower cell metabolic activity and proliferation of the cells cultured on P40B10 glasses. In conclusion, boron oxide modified phosphate based glasses have prospective future as bone tissue engineering scaffolds as long as the amount of boron ion release from the glasses is kept under a threshold limit which is 4 ppm for our glass series.
